Introduction
The cathode region of glow discharges has been the scope of both theoretical and practical interest (Den Hartog era/ 1988, Sommerer and Lawler 1988 , Carman 1989 , Shi et al 1989 . Some applications of the cathode region of the discharge are spectral lamps (Phillips er al 1988), hollow cathode lasers (Solanki er al 1979, Rozsa and Janossy 1953) and plasma processing (Chen et al 1988) . The theoretical interest of the cathode region arises from its important role in the maintenance of the discharge and the non-hydrodynamic properties of this region.
Hydrodynamic (or local field equilibrium) regions are usually defined as where the electron energy distribution function (EEDF) at any place depends only on the local value of the reduced field E / n (electric field to gas density ratio) (Pitchford el a/ 1990). However, the cathode dark space (CDS) of glow discharges is of non-hydrodynamic nature because of the very high electric field gradients in this region.
The Monte Carlo simulation providing a flexible description of the particles' motion and different collision processes has been applied by several authors (Tran Ngoc An er al 1977, Boeuf and Marode 1982 , Ohuchi and Kubota 1983 , Hashiguchi and Hasikuni 1988 , Yumoto er al 1991 , Hashiguchi 1991 , Jianfen Liu and Govinda Raju 1992 , Date er al 1992 and this method was chosen for our modelling of the CDS in noble gas mixtures, as well.
The large effects of impurities and small amounts of admixtures in gas discharges are widely known since the investigations of Kruithof and Penning (1937) . In the case of glow discharges the changes of different discharge parameters were also recognized (see e.g. Weston 1968 Although there is increasing interest in the cathode region of the glow discharges, little effort has been made so far to model this region in noble gas mixture discharges and calculate current density-voltage characteristics.
The model of the cathode dark space

Formulation of the model
Our model of the CDS was developed with low current density ( j = mA cm-*) abnormal glow discharges in mind. At low current densities, thermal effects and cathode sputtering may be neglected. The discharge is supposed to he stationary and driven by a DC voltage source.
The electrodes of the discharge are assumed to be infinite, plane and parallel, the space between the two electrodes is filled entirely by the cathode dark space (CDS) and the field-free negative glow (NG) . The electric field distribution was chosen in accordance with experimental investigations as given by (Warren 1955 
where V is the cathode fall voltage, d is the length of the CDS and x is the distance from the cathode.
This model of the CDS is not a 'self-consistent field' model. The electric field distribution obtained from the model is, however, as it will be shown later, very similar to the a priori specified field (1).
The positive ion impact is accepted as the dominant process responsible for electron emission from the cathode since:
(i) Measurements of Molnar (1951) have shown that secondary electron emission coefficients for positive ions and metastable atoms are nearly equal. The number of metastables arriving at the cathode surface, however, is expectedly less than the number of positive ions.
(ii) Investigations on the role of uv photons indicated that only a few per cent of the electron current at the cathode is induced by uv photons (Helm 1979 
Elementary processes
The elementary processes considered in our model of the CDS are the following (the admixed gas is denoted by X):
1. Electron emission from the cathode due to positive ion impact; secondary electron emission coefficients (yi) are calculated by the semi-empirical formula of Thum (1979) . The initial kinetic energy of electrons ejected from the cathode is chosen between 0 and E,,, = Ei -2 q . where Ei is the ionization potential of the gas atom arriving at the cathode and q is the work function of the cathode material was found to be an upper limit by Hagstrum (1956) ).
2. Anisotropic elastic scattering of electrons from He and X atoms. The elastic scattering of electrons is nearly isotropic at low values of E kinetic energy, while it is strongly peaked in the forward direction at high values of E . This property of the elastic scattering is included in the model by using the same formula as used by Boeuf and Marode (1982) . Energy loss of electrons in elastic collisions is neglected.
3. Electronic excitation of He and X atoms;
H e + e --t H e * + e -
X + e --+ X * + e -
In the case of electronic excitation no energy levels are distinguished in the atom, the energy lost by the elec-
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tron is randomly choscn according to the following relation:
where E , is the energy of the lowest excited state of the atom, E' = min (Ei, E ) , E, and E being the ionization potential of the atom and the kinetic energy of the electron before the collision, and RI,, is a random number uniformly distributed on the [0, I ) interval. After the collision, the electron is scattered isotropically. In the model all the excited states of He are supposed to decay to the metastable levels.
Electron impact ionization:
He + e -+ He+ + 2 e -'
The scattered and the ejected electrons share randomly the remaining kinetic energy after ionization, their velocities are assumed to be coplanar and perpendicular (Boeuf and Marode 1982) . The cross sections of elastic scattering, electronic excitation and ionization processes are taken from de Heer and Jansen (1977) and de Heer er ul (1979) .
5. Penning ionization in the case of Ar, Kr and Xe admixtures:
He" + X-+ Xi + He + ewhere He" denotes helium metastables. Considering the diffusion of He"' metastables out of the discharge volume, the probability l h a l the Penning reaction happens within the CDS (which is now supposed to be cylindrical of radius r ) is given by:
where D is the diffusion coefficient of He" metastables in He at the given He pressure, e, is the atom concentration of the admixture X, up is the cross section of Penning ionization, 0 is the average (thermal) velocity of He metastables and A is the characteristic diffusion length of He" atoms given by:
where d and r are the length and the radius of the CDS, and'z,,-2.405 is the smallest root of the Ju(r) = 0 equation. where J , , is the zero order Bessel function of the first kind. When a He" metastable is created in the simulation then a random number RI,, is generated and a Penning ionization process is supposed to take place in the cus if R,,, < P,. The cross seclion data for Penning ionization are taken from Muschlitz and Scholette (1960) . 6. Charge transfer processes:
x+ + x + x + Xf
He+ + X+ He + X +
The cross sections of the symmetric processes (10) and (11) depend weakly on the U + ion velocity and are given by the Firsov formula (Firsov 1951 , Rapp and Francis 1962 , Sinha and Bardsley 1976 :
The coefficients a and b in equation (13) were determined from experimental data of Rapp and Francis (1962) . The cross section of the asymmetric process (12) is taken to he independent of the ion energy (Nakai et a/ 1984). The ions created in charge transfer processes are supposed to start towards the cathode having thermal energy.
The method of simulation: determination of the discharge parameters
The Monte Carlo (MC) procedure applied in our model was developed for tracing the motion of electrons in non-uniform electric fields (Boeuf and Marode 1982) . The details of the Monte Carlo procedure are not discussed here, the interested reader may find the details in the paper of Boeuf and Marode (1982) . Although the electric field is one-dimensional (see equation (I)), the radial motion of the particles and their angular scattering in collision processes is taken into account, thus providing a quite realistic description of the particles' motion. The energy dependences of the cross sections of individual processes are included. The computational speed is significantly increased by using the null-collision technique (see Skullerud 1968, Boeuf and Marode 1982) . The type of the collisions in the MC scheme is determined randomly.
The charge transfer processes in which X atoms participate as target atoms (processes (1 1) and (12)) may have a mean free path comparable to or greater than the length of the CDS (note that in our investigations the concentration of the admixture X is 2-3 orders of magnitude less than the concentration of He). This requires Monte Carlo treatment of the ions. The motion of positive ions is treated one-dimensionally (Lawler 1985 , Den Hartog et a/ 1988 ).
In the model, the CDS is divided into a number of intervals each having a length Ax = x,,, -x8. The discharge parameters which show spatial variation are calculated at each x, plane (mesh planes).
The length of the CDS is determined iteratively. In the first step of the iteration, the simulation is carried out using an approximate initial value of d . Considering the more general case of gas mixtures, as a result of the simulation we obtain the average number of He+ and X+ ions arriving at the cathode per emitted elec- (14) with a certainty of a few per cent. This deviation is allowed because of the 'noise' (statistical error) of the Monte Carlo simulation.
During the MC simulation, as the electrons pass through the CDS, the electron energy distribution function (EEDF) builds up at each x i plane. Since the ions are also traced hy MC simulation their energy distribution (IEDF) may be obtained at each x, plane, as well. The latter is, however, averaged at the mesh planes to obtain the ( u + ( x ) ) average ion velocity except at the x = 0 plane (i.e. the cathode surface) where the detailed I E D F is also calculated.
The MC simulation of electrons and positive ions also offers the possibility of obtaining the average numher flux of electrons and ions per emitted electron at the mesh planes: F ( x ) and F+(x). Since the electron and ion current densities are related as:
and in a stationary discharge the current density j ( x ) = j is constant, we find the current density ratios:
j -( x ) / j = F -( x ) / [ F -( x ) + F + ( x ) ]
(16a)
j ' ( x ) / j = F + ( x ) / [ F -( x ) + F + ( x ) ] (16h)
In the case of gas mixtures, the ion current is shared between He+ and X+ ions, therefore three current density ratios are calcubated: j -( x ) / j , j&,(x)/j and j : ( x ) / j . The j total discharge current density may be found in the following way: since j -( x ) = p -( x ) ( U -@ ) ) and j ' ( x ) = p'(x) ( u + ( x ) ) , where ( u -( x ) ) is the average electron velocity obtained from the EEDF and p-and p+ are the space charges, the Poisson equation is:
and similarly in the case of mixtures having a hit more complicated A(x) in equation (17). Using the E(x = d) = 0 boundary condition, E(x) can be obtained by integrating equation (17) and the discharge voltage is given by:
Since the results of the MC simulation at given V are included in A ( x ) . equation (18) 
Results
The results obtained from the model for several discharge parameters are presented emphasizing the effects caused by small amounts of admixtures. The contribution of Penning ionization was calculated in the simulation using an electrode radius of r = 4 mm, and the y, coefficients were calculated for the AI cathode to allow comparison with experimental investigations (Donko ef al 1991).
Electron and ion energy distribution functions
The energy distribution of the electrons entering the negative glow (NC) is important from the viewpoint of the applications. Since a considerable part of the ionization and excitation in the NC is believed to be caused by high energy electrons (beam electrons) 'injected from the CDS, the high energy part of the EEDF is of particular importance. The EEDF obtained from the model close to the CDS-NG boundary is shown in figure 1 for a discharge in pure He, at V = 300 V, p = 5 mbar, d = 0.33 cm. As can be seen, the EEDF function has a 'tail' representing the high energy electrons.
Keeping the discharge voltage (V = 300 V) and the total pressure ( p = 5 mbar) constant, and mixing as little as 0.4% AI to the parent gas, we obtain the EEDF shown in figure 2. It can be seen that the tail of the EEDF is significantly reduced compared to the case of pure He discharge. Slightly stronger reduction of the number of high energy electrons was obtained in the case of He + 0.4% Kr and He + 0.4% Xe mixtures.
The presence of 0.4% Ne was found to cause no significant reduction of the high energy tail of the EEDF.
Thef(E+) ion energy distribution (IEDF) on the surface of the cathode is of practical interest, because this determines the sputtering of the cathode material. Figure 3 shows the lEDF normalized as Jf(E+)dE+ = 1 at the cathode surface in the case of He + 2% Kr mixture (at V = 300 V , p = 5 mbar). The energy of He+ ions has an average value of -7 eV and is mostly less than 30eV. However, the energy distribution of Kr+ ions (thanks to the 'long' mean free path of Kr+ ions) extends up to the energy corresponding to the cathode fall voltage.
It can be deduced from figure 3 that in pure He discharge practically no cathode sputtering occurs; small amounts of admixtures, in accordance with experimental observations, may cause significant discharges. xis given in relative units. Since the CDSNG boundary must be excluded from the simulation because of the zero electric field at this point (see Boeuf and Marode 1982) , x = 0 and x = 1 correspond to the position of the cathode and to 0.99 d, respectively. cathode sputtering. The same amounts of other admixtures (Ne, Ar and Xe) resulted in similar IEDF at the cathode.
Ionization in the CDS
The spatial dcpcndence of the m/p reduced ionization coefficient in the CDS obtained is plotted in figure 4 for pure He and for He + 0.4% AI mixture ( p = 5 mbar, In gas mixtures the ion current is shared between He' and X+ ions. As is illustrated in figure 6 , ions of the low concentration admixed gas (X) carry a considerable part of the ion current density. The results are shown for He + 0.4% Ar mixture at V = 300 V discharge voltage. I n this case Art ions carry about onethird of the ion current density, though the Ar concentration is only 1/250 part of the total concentration.
We found that in the cases of 0.4% Kr and Xe admixtures, a significant part of the ion current is similarly taken by the ions of the admired gas, but in the He + 0.4% Ne mixture Ne+ ions carry a negligible part of the ion current. This can be explained by the relatively small ionization cross section of Ne compared to Ar, Kr or Xe, and the absence of the Penning ionization as an ionization source. + He, OHe + Ne, A He + Ar, V He + Kr. U He+ Xe.
depending on the voltage. The same amount of Xe, however, decreases j by about 60% in the whole voltage range. In the case of Ne and Kr admixtures, a smaller but definite decrease of the current density was found.
Using our model of the CDS the j ( V ) characteristics were calculated for the same gas mixture discharges and are presented in figure 9 . The results of the model correctly reflect the effect of the admixtures on the current density in the most significant cases, i.e. when Ar or Xe was admixed to He. They d o not clearly show the smaii decrease of j in n e + Ne ana He + Kr mixtures but they indicate that the current density is not changcd vcry much.
This correspondence of the measured and calculated data shows that the changes of the j(V) characteristics can be explained at least qualitatively based on the selected elementary processes.
The measured current density as a function of the p . partial pressure of the admixture is shown in figure   10 . The characteristics are plotted for the different admixtures in the p x = M . 1 mbar interval at V = 300 V discharge voltage. In the case of Ar admixture, j increases monotonically in the whole p x interval. A continuous!y decreasing j was observed in He + Xe mixturc as thc partial pressure of Xe was increased. figure 11 , and the results of the model also reproduce the experimentally observed fact that Ne does not modify remarkably the current density of the discharge. There is a deviation between the measured and cd~culated characteristics in He + Kr mixture, where the model fails to predict the experimentally observed small increase of j at Kr partial pressures higher than -0.03mbar. The reason for this discrepancy is not yet understood.
Electric field distribution
Finally the electric field distribution obtained from the linearly decreasing field in the C D S . Figure 12 shows E(x) as it was calculated by the integration of the model is pieseiited to justify oui assunipiioli ol' ihc 2.00 I . Poisson equation. T h e agreement between the imposed and the calculated field is very good. 
Conclusions
